Plasma renin activity varies with the level of dietary protein, being higher on a high protein diet. To 
Introduction
Dietary protein intake has profound effects on both the healthy and diseased kidney. Several hormonal alterations accompany variations in dietary protein intake including changes in glucagon, glucocorticoids, aldosterone, and prostaglandins (1) (2) (3) (4) (5) (6) . Plasma renin activity also varies with the level of dietary protein, being higher on a high protein diet when examined in normal rats and humans, and in patients with a variety ofglomerular diseases (3-5, 7, 8) . In the setting of renal disease, the interaction between dietary protein and the reninangiotensin system has important pathophysiological implicaPresented in part at the 1989 Annual Meeting ofthe American Federation for Clinical Research, Washington, DC, and published in abstract form in 1989. (Clin. Res. 37: 500a.) tions in view of the effects of angiotensin II on the renal microcirculation (9) .
Examination of the mRNA for renin has provided insights into local renin-angiotensin systems and into the factors responsible for increases in plasma renin activity. For example, renin mRNA increases during sodium depletion and converting enzyme inhibition suggesting that in these conditions increased renin synthesis is in part responsible for the rise in plasma renin activity (10, 11) . The purpose ofthis study was to examine whether dietary protein affects renin gene expression at the level of steady state mRNA. The mRNA for the renin substrate angiotensinogen was also examined in both the kidney and liver. Since increases in dietary protein lead to renal growth we have also examined another stimulus to renal growth, that of contralateral nephrectomy.
Methods
Experimental design. The study involved two groups of experiments. The first series ofexperiments examined the effect ofdietary protein on renal renin and angiotensinogen mRNA and liver angiotensinogen mRNA. 32 male Sprague-Dawley rats weighing 225-250 g were placed on a low (6%) protein diet for 1 wk at which time they were assigned to either continue on the low protein diet (n = 16) or were switched to a high (50%) protein diet (n = 16). At 3 d (n = 10 both groups) and 21 d (n = 6 both groups), the left kidney and a portion of the liver were removed, snap-frozen in liquid nitrogen, and stored at -70°C for subsequent RNA extraction. To examine another renal growth stimulus, 22 male Sprague-Dawley rats weighing 225-250 g were subjected under methohexital anesthesia (5 mg/100 g body wt) to either right uninephrectomy (n = I 1) or sham operation (n = 1 1). These rats were maintained on standard rat chow containing -23% protein (Ralston Purina Co., St. Louis, MO). 7 d after operation the left kidney was removed, snap-frozen in liquid nitrogen, and stored at -70°C for either RNA extraction or measurement of renal protein, RNA, and DNA content.
In the second experiment the effects of three levels of dietary protein on renal renin mRNA and renal protein, RNA, and DNA content were examined. 18 male Sprague-Dawley rats weighing 225-250 g were placed on a 6% protein diet for I wk. They were then assigned to either a low (6%), normal (20%), or high (50%) protein diet for 3 d at which time the kidneys were removed, snap-frozen in liquid nitrogen, and stored at -70°C. RNA was extracted from the left kidney for renin hybridization studies and the right kidney was homogenized in water and aliquots taken for measurement of protein, RNA, and DNA.
Diets. Laboratory methods. Sodium concentration was measured by flame photometry from two consecutive 24-h urine collections in a subset of rats. Protein content was measured from an aliquot of homogenized kidney using Coomassie blue dye (Bio-Rad Laboratories, Richmond, CA). For RNA determination 2.5 ml ofcold 2.1 N perchloric acid (HC104) was added to duplicate 5-ml aliquots of homogenized kidney (approximately 250 mg of wet weight tissue) (19) . After standing for 15 min on ice, the precipitate was separated by centrifugation and washed twice with cold 0.7 N HCI04. The HC104 was carefully drained off and 4 ml of 0.3 N KOH was added. Digestion was carried out in a 37°C water bath for I h. The samples were then neutralized with 10 N HC104 and acidified with 1 (Table I) . Urinary sodium excretion in a subset of animals (n = 4 both groups) was not different between the 6% and 50% groups (283±21 vs. 290±62 jeq/24 h; P = NS).
The mean body weights were not different between the sham operated and uninephrectomized group at the start of the study (254±4 vs. 247±3 g; P = NS) but were higher in the sham operated group at 7 d (285±4 vs. 269±3 g; P < 0.05). In the animals whose kidneys were used for quantitation of renin mRNA the wet weight ofthe remaining left kidney was greater in the uninephrectomized group compared to the sham operated group (Table I) . The kidney wt/body wt was greater in the uninephrectomized group compared to the sham group at 7 days and also compared to both the 3-d and 2 1-d 50% protein group (Table I) .
The growth of the remaining kidney after uninephrectomy was predominantly hypertrophy as evidenced by increases in protein, RNA, and RNA/DNA with no significant changes in DNA content when compared to both the kidney removed at (Table II) . Northern and solution hybridization. Analysis of the Northern blots confirmed a single band for renal renin mRNA (1,600 -bp) and for renal and liver angiotensinogen mRNA (1,800 bp) in all blots examined. Only data for renal renin mRNA at 3 d is shown (Fig. 1) . The results on the Northern blots were not different from the results ofthe solution hybridization experiments. Fig. 1 shows an autoradiograph of the Northern blot of RNA extracted from the kidney 3 d after dietary change in six animals on the 6% protein diet and six animals on the 50% protein diet. Quantitation by densitometry demonstrated that the relative renin mRNA level for the 50% group was 2.7-fold greater than the level of the 6% group (38±7 vs. 14±3 OD units; P < 0.05). To more exactly quantify changes in renin and angiotensinogen mRNA, solution hybridization was performed. As demonstrated in Fig. 2 renin mRNA was higher in the 50% protein group compared to the 6% protein group at both 3 d (9.4±1.1 vs. 5.3±0.4 pg/Ag total RNA; P < 0.02) and 21 d (6.8±1.0 vs. 3.5±0.4 pg/ag total RNA; P < 0.02) confirming the results ofthe Northern hybridization at 3 d and demonstrating the stimulatory effect of the high protein diet on renin mRNA.
There was no difference in angiotensinogen mRNA between the 50% and 6% protein groups in the kidney at either 3 d (5.2±0.8 vs. 6.8±0.6 pg/tg total RNA; P = NS) or 21 d (4.4±0.6 vs. 5.0±1.0 pg/,ug total RNA; P = NS) (Fig. 3) (Fig. 3) .
Renin mRNA was not detectable in the liver in Northern hybridizations with a renin cDNA probe. The increase in kidney weight/body weight in the uninephrectomy compared to the sham group was similar to the increase seen in the 50% compared to the 6% protein group both averaging 28%. In both cases the growth was predominantly hypertrophic (Table II and III) . Despite this comparable degree of hypertrophy, and in contrast to the hypertrophy seen after dietary protein loading, renin mRNA was not significantly different in the uninephrectomized compared to the sham operated animals (3.7±0.1 vs. 3.4±0.1 pg/,ug total RNA; P = NS) (Fig. 4) (Table III) . Renin mRNA, as quantitated by solution hybridization, was significantly different in the three groups (50%: 7.2±0.6; 20%: 5.1±0.3; 6%: 3.3±0.4 pg/jig total RNA) (Fig. 5) . The differences between the 6% and 50% groups confirm the findings of the first experiment. The intermediate level for renin mRNA in the 20% group demonstrate the inhibitory and stimulatory effects of the 6% and 50% protein diets, respectively. Since renin mRNA is expressed as a percentage oftotal kidney RNA, the rise in renin mRNA with increasing protein intake cannot simply be attributable to increases in total kidney RNA content. Changes in the absolute values between diet study 1 and diet study 2 were not significant, and likely reflect different groups of animals, the fact that the studies were not contemporaneous, as well as interassay variability. 
Discussion
Dietary protein is a novel stimulus for increasing renal renin mRNA. The results of this study demonstrate that renal renin mRNA is increased in rats ingesting a 50% protein diet and decreased in animals ingesting a 6% protein diet compared to animals on a more normal 20% protein diet when examined 3 d after dietary change. The difference in renin mRNA between the 6% and 50% groups persisted at 21 d. Dietary protein had no effect on the mRNA for the renin substrate, angiotensinogen, when kidney and liver RNA was examined. The lack of change in angiotensinogen mRNA indicates the specificity of the increase in renin mRNA. High dietary protein intake results in renal hypertrophy, as evidenced by the increases in RNA/DNA ratios, as well as an increase in renal blood flow and glomerular filtration rate (22) . The hypertrophy and increased flows, however, cannot be responsible for the increase in renin mRNA since uninephrectomy, which resulted in a comparable degree of renal hypertrophy and which is also accompanied by increases in GFR and plasma flow had no effect on renin mRNA. The mechanism by which high dietary protein stimulates renin remains speculative. A high protein diet results in increased prostaglandin production in normal animals and humans, in subtotally nephrectomized rats, and in patients with glomerular disease (3) (4) (5) (6) 23) . Prostaglandins are known to mediate renin release and may therefore be involved in the dietary protein induced changes in renin (24) . High protein diets also result in increased loop of Henle sodium reabsorption and hence decreased sodium delivery to the macula densa, an effect that would also be expected to stimulate renin release (25) .
Plasma renin activity in rats ingesting these identical 6% and 50% protein diets for protein diet (4) . A higher plasma renin activity also occurred in rats ingesting a 23% and 30% protein diet compared to a 6% protein diet (4, 26) . Similarly, an increased plasma renin activity was noted by Fernandez-Repollet in rats ingesting a 23% protein diet compared to those on a 6% protein diet (7) . A high protein diet in both normal human subjects and those with a variety of glomerular diseases also results in increased plasma renin activity (3, 5) . Changes in renin plasma clearance rate, secretion, and synthesis could each influence plasma renin activity. The current study supports augmented renin synthesis, as evidenced by the increase in renal renin mRNA, to explain at least in part the higher plasma renin activity induced by a high protein diet. Whether the increased renin mRNA was due to changes in renin gene transcription, posttranscriptional modification of the renin mRNA, or stabilization of the message remains to be determined. Renal renin mRNA is increased by sodium depletion, converting enzyme inhibition, renal ischemia, and sympathetic stimulation (10, 1 1, 27-29) . The effect ofdietary protein on renin mRNA has not been previously examined but based on the results of the current study we would add dietary protein to the list of conditions that alter renin mRNA. When co-expression of renin and angiotensinogen mRNA was examined in the kidney after sodium depletion, both were noted to be increased (10) . The lack of change in angiotensinogen mRNA in the current study argues against changes in sodium balance as the cause for the change in renin mRNA. The identical electrolyte contents of the diet, and for the rats eating 6% and 50% protein the equivalent food intakes, and similar sodium excretion (measured in a subset of rats), all militate against changes in sodium balance as a factor in the effect of protein in altering renin mRNA.
To ensure equivalent caloric and fat content, the carbohydrate content of the diets was adjusted. Differences in carbohydrate could potentially be responsible for the changes seen in renin mRNA, since a high carbohydrate diet (6% protein) would be expected to stimulate insulin release. In the isolated perfused kidney insulin has been demonstrated to suppress renin secretion (30) . However, another effect of high carbohydrate feeding is increased sympathetic nerve activity, an effect that would be expected to stimulate renin (31, 32) . The isolated effects of dietary carbohydrate and protein on renin mRNA were not examined in this study.
Changes in dietary protein may affect the course of experimental and clinical renal disease (33) . In fact, dietary protein restriction lessens renal injury in virtually all experimental models of renal disease, and in several long-term clinical studies (34) . In many of the experimental models the beneficial effect of dietary protein restriction is related to the lowering of glomerular capillary pressure (33) . Angiotensin II, the product of the renin-angiotensin cascade, has a preferential constricting effect on the efferent arteriole resulting in increases in glomerular capillary pressure (9, 33) . Therefore, the beneficial effect of a low protein diet may be due, in part, to decreased plasma renin activity, which would most likely result in decreased renal angiotensin II, decreased efferent arteriolar resistance, and, hence, lowered glomerular capillary pressure. This possibility is supported by the finding of lowered efferent arteriolar resistance in rats with the remnant kidney model ingesting a 6% protein diet compared to a 20% protein diet (35) . As well, in several experimental models pharmacologic angiotensin II blockade results in decreased proteinuria in rats fed a high but not a low protein diet (26, 36, 37) . Other nonhemodynamic effects of angiotensin II on renal growth, ammoniagenesis, and proton secretion may be additional consequences of the augmentation of renin gene expression by dietary protein, effects which may have both adaptive and pathologic consequences (38-40).
In conclusion, dietary protein is a novel stimulus for changes in renal renin mRNA. Rats ingesting a high protein diet have higher renal renin mRNA compared to rats ingesting a low protein diet. This change appears unrelated to renal hypertrophy and is not accompanied by changes in either kidney or liver angiotensinogen mRNA. The higher renin mRNA suggests that the higher plasma renin activity seen in rats and humans on a high protein diet is due to increased renin synthesis.
